Reversible ubiquitin modification of cell signaling molecules has emerged as a critical mechanism by which cells respond to extracellular stimuli. For example, ubiquitination of TRAF6 allows the activation of downstream kinase TGF--activated kinase 1 (TAK1), which is required for activation of NF-B in response to various stimuli including IL-1, TNF, and Tolllike receptor agonists (Wang et al., 2001 ). In addition, TAK1 plays a central role in adaptive immunity by mediating signaling from T and B cell receptors (Skaug et al., 2009; Dai et al., 2012) . Under steady state, TAK1 is constitutively associated with TAB1 and TAB2 which contain ubiquitin-binding motifs. Upon activation, TAB recognizes and is recruited to free polyubiquitin chains or ubiquitin chains targeted to a specific protein, which makes TAK1 spatially closer and thereby results in mutual phosphorylation and activation of TAK1 (Kanayama et al., 2004; Xia et al., 2009) . In this context, the E3 ubiquitin ligase RBCK1, inducing ubiquitination and degradation of TABs, inhibits TNFor IL-1-triggered activation of NF-B . In contrast, accumulating evidence also suggests that TAK1 undergoes K63-linked ubiquitination and the lysine residue at 158 is critical for TNF-and IL-1-induced activation of NF-B (Fan et al., 2010; Ahmed et al., 2011; Li et al., 2011) . Although it has been reported that USP4 deubiquitinates TAK1 and negatively regulates TNF-and IL-1-induced activation of NF-B (Fan et al., 2011) , how TAK1 ubiquitination is regulated in adaptive immune cells such as T cells and whether such a regulation regulates T cell-mediated immune response remain unknown. (A) Naive CD4 + T cells were sorted by flow cytometry (gated on CD4 + CD25  CD44 low CD62L high ) and stimulated with anti-CD3 and APC from WT or mice lacking B7.1, B7.2, and B7h to generate effector or tolerant T cells. After 5 d of culture, cells were washed and stimulated with anti-CD3 for 5 h, followed by real-time PCR analysis. (B) CD4 + and CD8 + T cells, memory (gated on CD4 + CD25  CD44 low CD62L high ), nT reg cells (CD4 + CD25 + CD44  CD62L  ), and B220 + B cells were sorted by flow cytometry from splenocytes. BMDCs and BMDMs were differentiated from BM progenitor cells with GM-CSF or M-CSF. Th0, Th1, Th2, iT reg, and Th17 cells were prepared by culturing naive cells in these polarizing conditions for 5 d, followed by stimulation with anti-CD3 for 24 h, followed by real-time analysis or by PMA and ionomycin for 5 h, followed by intracellular cytokine staining (not depicted) to examine the differentiation efficiency. (C) WT and USP18KO (KO) naive CD4 + T cells were cultured under different polarizing conditions for 4 d. Cells were washed and stimulated with PMA plus ionomycin in the presence of Golgi stop for 5 h, followed by Ubiquitin-specific proteases (USPs) are a large family of proteins whose functions have just begun to be studied and appreciated. Among them, USP18 was first identified in AML1-ETO leukemia (Liu et al., 1999) . USP18 gene expression has been found at low levels in multiple tissues and cell lines (Schwer et al., 2000; Kang et al., 2001 ) and could be rapidly up-regulated by type I IFNs (Malakhov et al., 2002) . USP18 shares significant homology with well characterized deubiquitinating enzymes and was initially suspected to have deubiquitinating enzymatic activity. However, later it was found in another study that USP18 deconjugates ISG15, a ubiquitin-like protein modifier (Malakhov et al., 2002) . Although Usp18 / cells have elevated ISGylation levels, the function of USP18 in innate immunity appears to be ISG15 independent. USP18-deficient mice were protective from lethal LCMV and VSV infection (Ritchie et al., 2004) , which was not dependent on ISG15 deconjugation (Knobeloch et al., 2005; Kim et al., 2006) . USP18 directly binds to IFN-/ receptor 2 (IFNAR2) in human KT-1 cells and, by competing for JAK1 binding, inhibits type I IFN signaling Malakhova et al., 2006) . The function of USP18 in adaptive immune cells is unclear.
After activation, CD4 + helper T (Th) cells differentiate into distinct cytokine-producing effector subsets. In addition to Th1 and Th2 cells, Th17 cells have been identified as a unique lineage of T cells important for autoimmunity and clearance of mucosal infection by producing proinflammatory cytokines IL-17, IL-17F, IL-21, and IL-22 (Dong, 2008) . Th17 cell differentiation is initiated by TGF- and IL-6 signaling (Bettelli et al., 2006; Veldhoen et al., 2006) . The transcription factor STAT3, downstream of IL-6 and IL-21, is essential for Th17 cell differentiation via induction of two orphan nuclear receptors RORt and ROR (Ivanov et al., 2006; Nurieva et al., 2007) . In contrast, TGF- and IL-2, through STAT5, promotes Foxp3 expression and inhibits Th17 generation (Laurence et al., 2007) . Despite this knowledge, it is still not clear how signaling pathways are regulated in T cells to control Th17 cell differentiation.
In this study, we have characterized the function of USP18 in T cell-mediated adaptive immune response and autoimmune disease. We found that USP18 is necessary for Th17 differentiation and autoimmune response. USP18 binds to and inhibits ubiquitination of the TAK1-TAB complex, thereby restricting IL-2 production and promoting IL-17 production. Our work thus identifies a novel negative regulator of TAK1 crucial for Th17 cell differentiation.
RESULTS

USP18 expression in T cells
In our attempt to identify genes differentially expressed in different T cell subsets by microarray analysis (Nurieva et al., 2008) , we found that USP18 mRNA was expressed at higher levels in Th1 and Th17 cells than in Th2 cells (unpublished data). Interestingly, when we compared Usp18 expression between effector and tolerant CD4 + T cells, which were generated by activating naive T cells in the presence or absence of CD28 and ICOS co-stimulation (Nurieva et al., 2006) , respectively, tolerant cells expressed 10-fold less of USP18 mRNA in comparison with effector T cells (Fig. 1 A) . This pattern of expression was opposite to that of E3 ubiquitin ligases Cbl-b and Grail (Nurieva et al., 2010) , suggesting that USP18 may be important for effector T cell function. We thus further examined the expression levels of Usp18 in different lymphatic and hematopoietic populations, including splenic T and B cells, BM-derived DCs (BMDCs), and macrophages (BMDMs). Usp18 was expressed in all lymphocytes examined, including B cells, CD4 + , and CD8 + T cells (Fig. 1 B) . In T cells, Usp18 was highly expressed in naive (CD4 + CD25  CD62L + CD44  ), effector/memory (CD4 + CD25  CD62L  CD44 + ), and natural regulatory T cells (CD4 + CD25 + CD62L  CD44  ; nT reg cells; Fig. 1 B) . Consistent with our microarray data, we found that the high-level expression of Usp18 was maintained in Th0, Th1, and Th17 cells, but diminished in Th2 cells and inducible regulatory T cells (iT reg cells; Fig. 1 B) . Because Usp18 is expressed in various subsets of CD4 + T cells and the expression levels of Usp18 are differently regulated during T cell activation, tolerance, and effector differentiation, we speculated that USP18 might regulate T cell-mediated adaptive immune response.
USP18-deficient T cells are impaired in Th17 differentiation in vitro
Because the expression levels of Usp18 varied in different Th lineages, we assessed whether USP18 deficiency influenced the differentiation of naive T cells in vitro by using T cells from WT and Usp18 / mice (KO). Usp18 / T cells had increased percentages of IFN--producing cells under neutral (Th0) and Th1 conditions, whereas the expression of IL-4 under Th0 or Th2 conditions was normal compared with WT cells (Fig. 1 C) . Higher frequency of IFN--producing cells under Th0 conditions in Usp18 / cells (Fig. 1 D) was correlated with elevated levels of IFN- cytokines in the supernatants and increased Tbx21 mRNA in the cells (Fig. 1, intracellular staining of the indicated antibodies. (D-F) Naive CD4 + T cells from WT or USP18KO (KO) mice were purified and stimulated with anti-CD3/ CD28 for 4 d. Cells were washed and stimulated with PMA plus ionomycin for 5 h, followed by intracellular cytokine staining (left plots), with anti-CD3 for 24 h for ELISA (right graph; D), or with anti-CD3 for 4 h for real-time PCR analysis (E), or stained with anti-IFNGR1 and -IFNGR2 (F). (G) Naive CD4 + T cells from WT or USP18KO (KO) mice were purified and cultured under Th17 polarizing conditions (anti-CD3/CD28, TGF-, and IL-6) for 4 d. Cells were stimulated with PMA and ionomycin for 5 h followed by flow cytometry analysis. (H) Naive CD4 + T cells from WT or USP18KO (KO) mice were differentiated under Th17 condition for 48 h. Cells were harvested and real-time PCR analysis was performed to determine the mRNA levels of the indicated cytokines. The level of the lower sample for each gene was set at 1 for comparison. Data are representative from two (A and B) or at least three independent experiments (C-H). Bar graphs show mean ± SD, n = 3. *, P < 0.05; **, P < 0.01 (unpaired Student's t test). D and E). USP18 has been reported to down-regulate type I IFN signaling through binding to IFNAR2 and competing for JAK binding without altering the expression levels of Ifnar2 . However, we found that the expression of IFNGR2 was potentiated at mRNA and protein levels in Usp18 / T cells (Fig. 1, E and F) , which might contribute to the elevated IFN- signaling as a feedback effect.
Interestingly, during Th17 differentiation, the IL-17-producing cells were reduced more than threefold in Usp18 / cells in comparison with the WT controls (Fig. 1 G) . To understand the basis for this defect, we then examined mRNA levels of different genes at day 2 after T cell polarization and found that Th17 signature cytokines, including IL-17, IL-17F, and IL-22, were all already decreased in cells deficient in USP18. Accordingly, the expression of Th17-specific transcription factors ROR and RORt was also found reduced in Usp18 / cells (Fig. 1 H) . In contrast, there was little increase in Foxp3 expression in Usp18 / cells under our Th17 polarized conditions (Fig. 1 H) , indicating that USP18 regulates Th17 differentiation not through Foxp3. FICZ is an AHR ligand that promotes Th17 differentiation (Veldhoen et al., 2008 (Veldhoen et al., , 2009 . However, addition of the AHR agonist FICZ could not restore the defect of USP18-deficient naive T cell differentiation into Th17 cells (Fig. 2 A) , suggesting that USP18 regulates Th17 differentiation through AHRindependent pathways. It has been demonstrated that IL-1 signaling promotes early Th17 cells differentiation, whereas IL-23 is important for Th17 maintenance and GM-CSF induction (Chung et al., 2009; Codarri et al., 2011; El-Behi et al., 2011) . However, IL-1 or IL-23 could not overcome the IL-17-or GM-CSF-producing defect in USP18-deficient T cells compared with WT controls (Fig. 2 B and not depicted).
When we examined WT and USP18KO naive T cells differentiation into iT reg cells, we found that the expression level of Foxp3 was significantly higher in Usp18 / cells compared with WT cells treated with TGF- alone (Fig. 2 C) . However, the expression levels of Foxp3 were comparable between WT and Usp18 / cells after addition of exogenous IL-2, whereas addition of IL-2 neutralizing antibody strongly inhibited the expression of Foxp3 and diminished Foxp3 expression difference between WT and Usp18 / cells at both mRNA and protein levels, indicating that IL-2 is responsible for promoting USP18-deficient cells differentiation into iT reg cells in vitro.
Because it has been well documented that IL-2 restricts Th17 differentiation in vitro and in vivo (Laurence et al., 2007; Liao et al., 2011a,b; Yang et al., 2011) , we examined whether IL-2 was responsible for the defect of USP18KO T cells differentiation into Th17 cells. As shown in Fig. 2 D, blockage of IL-2 signaling by IL-2 antibody partially restored the Th17 differentiation defect by USP18 deficiency and increased expression of IL-17 at mRNA and protein levels. In contrast, adding IFN- blocking antibody during Th17 differentiation increased the percentages of IL-17-producing cells in WT but not significantly in USP18-deficient cells (Fig. 2 D) , although there were increases of Tbx21 and Ifng mRNA in Usp18 / cells at early Th17 differentiation stage ( Fig. 1 H) . Thus, USP18 regulates Th17 differentiation, at least partially, through influencing IL-2 cytokine production.
USP18-deficient mice are defective in Th17 generation in vivo and are resistant to experimental autoimmune encephalomyelitis (EAE)
To examine T cell differentiation in vivo, WT and USP18 KO mice (Kim et al., 2005) were immunized with KLH emulsified in CFA subcutaneously. Splenocytes were harvested and restimulated with KLH 7 d after immunization. We found that USP18KO T cells produced increased levels of IL-2 and proliferated more robustly compared with WT controls (Fig. 3, A and B) . In contrast, IL-17 and IL-17F productions CNS infiltrates from EAE mice were isolated on day 12 after the second immunization and stained for various surface markers (CD4, CD8, CD11b, B220, or CD11c) and the absolute numbers of different types of cells were calculated. (C) CNS infiltrates were stimulated with PMA/ion plus golgi stop for 6 h, followed by surface staining for CD4 and intracellular staining for IL-17, IFN-, GM-CSF, or Foxp3, and the numbers of different cell populations were calculated. (D) Brain or spinal cord from EAE mice were sectioned and stained with luxol fast blue (LFB) or hematoxylin and eosin (H&E). Bars, 200 µM. (E) Cells from draining lymph nodes of the EAE mice were stimulated with 50 µg/ml MOG for 20 h and treated with golgi stop for 6 h, followed by surface (CD4) and intracellular (IL-17, IFN-, GM-CSF, and Foxp3) staining. The absolute numbers of different cell populations were calculated. (F) Splenocytes from EAE mice were stimulated with 50 µg/ml MOG for 20 h and treated with golgi from USP18KO mice were protected from demyelination and inflammation (Fig. 4 D) . When the cells from draining lymph nodes and spleen were restimulated with MOG, we found that the percentages and numbers of IL-17 + or IL-17 + GM-CSF + CD4 + cells were significantly reduced by USP18 deficiency (Fig. 4, E and F) . Splenocytes from USP18KO mice produced substantially decreased amounts of IL-17 and IL-17F but increased amounts of IL-2 compared with those from WT mice, whereas IFN- levels were similar between the two groups (Fig. 4 F) . In contrast, the numbers and percentages of Foxp3-expressing CD4 + T cells in CNS, spleen, or dLN were comparable between USP18KO mice and littermate controls (Fig. 4, C-F) , supporting a specific role of USP18 in Th17 cell response in vivo.
A T cell-intrinsic role of USP18 in regulation of EAE development USP18 has an important function in the innate immune system. To confirm that the resistance to EAE by USP18 KO were greatly reduced in splenocytes from USP18 KO mice, whereas IFN- levels were similar between the two groups (Fig. 3 C) .
Given the greatly reduced IL-17 generation in USP18 KO mice, we examined whether the deficiency contributed to the development of autoimmune disease EAE, which is mediated by Th17 cells. We found that USP18 KO mice were delayed in disease onset and progression compared with littermate controls (Fig. 4 A) . We then analyzed the infiltrating cells in central nervous system (CNS) and found that the percentages of various immune cells (CD4 + , CD8 + , CD11b + , B220 + , and CD11c + ) infiltrated into CNS were comparable between USP18KO mice and littermate controls (Fig. 4 B) . However, the numbers of infiltrating cells and CD4 + cells in the CNS of USP18KO mice were significantly less than those of littermate controls (Fig. 4 B) . The percentages and absolute numbers of IL-17 + and IL-17 + GM-CSF + cells were significantly reduced in the CNS from USP18KO mice (Fig. 4 C) . Our histology analysis showed that the brain and spinal cord stop for 6 h, followed by surface (CD4) and intracellular (IL-17, IFN-, GM-CSF, and Foxp3) staining. Splenocytes from the EAE mice were stimulated with the indicated concentrations of MOG peptide, and cytokine expression levels in the supernatants were measured by ELISA at 72 h after culture. Data shown are representative of at least three independent experiments. Graphs show mean ± SD, n = 5. *, P < 0.05; **, P < 0.01 (unpaired Student's t test).
Figure 5. USP18 regulates Th17 differentiation and EAE development in a T cell-intrinsic manner.
(A) CD4 + T cells from WT or USP18 KO (KO) mice were transferred into Rag / mice followed by EAE induction and the mice were monitored daily for EAE syndrome. (B) CNS infiltrates were stimulated with PMA/ion plus golgi stop for 6 h, followed by surface staining for CD4 and intracellular staining for IL-17 and IFN-, and the numbers of different cell populations were calculated. (C) Splenocytes from the EAE mice were stimulated with MOG peptide and cytokine expression levels in the supernatants were measured by ELISA at day 3 of culture. Data shown are a representative of three individual experiments. Graphs show mean ± SD, n = 5. *, P < 0.05; **, P < 0.01 (unpaired Student's t test).
mice is caused by a T cell-intrinsic defect, we adoptively transferred CD4 + T cells from WT or USP18 KO mice into Rag1 / mice and subsequently induced EAE in the recipient mice. We found that the recipient mice transferred with USP18 KO CD4 + T cells had significantly less severe disease and delayed disease onset compared with the control group (Fig. 5 A) , indicating that deficiency of USP18 in T cells reduces EAE. The frequencies and numbers of IL-17-or IFN--producing cells in the CNS was significantly reduced in the recipients with Usp18 / CD4 + T cells (Fig. 5 B) . Consistently, splenocytes from mice with Usp18 / CD4 + T cells produced decreased levels of IL-17 but increased levels of IL-2 after MOG restimulation (Fig. 5 C) . In contrast, the production of IFN- in MOG-stimulated splenocytes was comparable between the two groups (Fig. 5 C) . These data together suggest that USP18 regulates EAE development and Th17 cell differentiation in a T cell-intrinsic manner.
USP18 regulates TCR signaling pathways and IL-2 production
Because we found that IL-2 blockage could restore Th17 generation in USP18KO mice in vitro (Fig. 2) , and there was more IL-2 production by splenocytes of USP18 KO mice immunized with KLH or MOG as well as by splenocytes from Rag1 / mice with transferred Usp18 / CD4 + T cells (Figs. 3-5) , we examined IL-2 production directly in purified Figure 6 . USP18 regulates IL-2 expression in naive and Th17-polarizing cells. Naive CD4 + T cells were isolated from WT and USP18KO mice. (A) Cells were stimulated with plate-bound anti-CD3/CD28 for 24 h, and IL-2 protein levels in the culture supernatants were measured by ELISA. (B) Cells were stimulated with 2 µg/ml of plate-bound anti-CS3/CD28 and harvested at the indicated time points. Il2 mRNA was measured by real-time PCR analysis. (C) Cells were stimulated by plate-bound 4 µg/ml anti-CD3 and anti-CD28 with or without anti-IL-2 for 24 h before cells were harvested and lysed. The lysates were analyzed by immunoblot with the indicated antibodies. (D) Cells were polarized under Th17 conditions (TGF- plus IL-6). On day 3, cells were washed and stimulated with plate-bound anti-CD3 for 4 h before real-time PCR was performed. (E) Cells were stained with 2.5 µM CFSE and cultured under the indicated Th17 polarizing conditions for 3 d. Cells were harvested and stimulated with PMA/ion for 5 h, followed by intracellular staining analysis. The percentages of low CFSE cells were statistically analyzed (paired Student's t test). Data shown are representatives of at least three individual experiments. Graphs show mean ± SD, n = 3. *, P < 0.05; **, P < 0.01 (unpaired Student's t test).
These data together demonstrate that USP18 negatively regulates TCR-induced activation of NF-B and NFAT, thereby restricting IL-2 production.
USP18 interacts with the TAK1-TAB complex
It has been reported that TAK1 is required for IKK and JNK activation by TCR stimulation, and the TAK1-TAB1 complex is sufficient for NFAT activation in Jurkat cells (Liu et al., 2006; Wan et al., 2006; Liu et al., 2009 ). Because USP18 deficiency potentiated activation of molecules such as IKK, JNK, and NFAT distal from TCR, but not TCR-proximal signaling complex ZAP70 or PLC-, we reasoned that USP18 might target some key molecules in between the proximal and distal signaling complexes, of which TAK1 is a promising candidate. We thus tested whether TAK1 was hyperactivated in USP18KO T cells. Results from the in vitro kinase assay indicated that the kinase activity of TAK1 was significantly increased in USP18KO cells compared with WT cells stimulated with anti-CD3/CD28 (Fig. 8 A) .
We next examined whether USP18 interacted with TAK1. In overexpression and co-immunoprecipitation assays, USP18 interacted with TAB1 and CARMA1 but not with NEMO constitutively (Fig. 8 B and not depicted) . TAB1 is a chaperone protein for TAK1, which constitutively associates with and induces autophosphorylation and activation of TAK1. To confirm the association of USP18 with endogenous TAK1-TAB1 complex and CARMA1, we stimulated Jurkat cells with PMA and ionomycin and performed immunoprecipitation assays with control IgG or anti-USP18 followed by immunoblot analysis with the immunoprecipitants. The results indicated that USP18 interacted with TAK1, TAB1, and TAB2 without stimulation and PMA/ion stimulation reduced but did not totally abolish their association, whereas USP18 interacted with CARMA1 weakly in unstimulated cells and PMA/ion stimulation first enhanced their interaction and then resulted in their disassociation (Fig. 8 C) . It is likely that USP18 keeps TAK1-TAB complexes in check to prevent TAK1 activation in steady conditions and is recruited to CARMA1 together with TAK1-TABs after TCR activation. Collectively, these results suggest that USP18 interacts with the TAK1-TAB complex and regulates the kinase activity of TAK1.
USP18 catalyzes deubiquitination of the TAK1-TAB1 complex USP18 was originally identified as a deubiquitination enzyme (DUB) and later proved to deconjugate ISG15 modification from targeted proteins, and the Cys61 of USP18 is critical for it enzymatic activity (Schwer et al., 2000; Malakhov et al., 2002; Zhang and Zhang, 2011) . It has been suggested that TAK1 is a ubiquitin-dependent kinase, and polyubiquitination of TAK1 results in its autoactivation (Wang et al., 2001; Thiefes et al., 2006) . We suspected that USP18 might regulate TAK1-TAB1 ubiquitination through its DUB enzymatic activity. To test this possibility, we examined whether the catalytic activity of USP18 is required for regulating TCR signaling. USP18-deficient naive CD4 + T cells were WT and USP18-deficient naive T cells in vitro. Interestingly, USP18KO cells secreted increased amounts of IL-2 after anti-CD3 and anti-CD28 stimulation (CD3/CD28; Fig. 6 A) . To rule out the possibility that increased IL-2 expression in the supernatants was a result of decreased consumption of IL-2 by USP18KO cells, we measured the IL-2 mRNA expression and observed that there was significantly higher expression of Il2 in USP18KO cells during T cell activation compared with WT controls (Fig. 6 B) . Consistent with these observations, the phosphorylation of STAT5 caused by IL-2 in the supernatant was enhanced in activated Usp18 / cells compared with controls (Fig. 6 C) .
We next examined whether USP18 also regulates Il2 expression in cells under Th17 polarizing conditions. As shown in Fig. 6 D, the expression of Il2 was significantly higher in Usp18 / cells compared with WT controls. Consistently, Usp18 / cells showed hyperproliferation under Th17 polarizing conditions, and addition of IL-2 or anti-IL-2 abrogated the difference (Fig. 6 E) . These data demonstrate that USP18 inhibits IL-2 expression and T cell proliferation in T cells after TCR stimulation as well as under Th17 polarizing conditions.
USP18 deficiency results in hyperactivation of NF-B and NFAT
To understand the molecular mechanisms by which USP18 reduces IL-2 production in T cells, we first examined the activation of TCR-proximal signaling events. In naive T cells, USP18 deficiency had no appreciable effect on TCR downregulation or phosphorylation of ZAP70 and PLC- (unpublished data), two key components involved in TCR proximal signaling. We then examined the activation of MAP kinases and NF-B after cross-linking of TCR/CD28 in WT and USP18KO cells. Interestingly, in the USP18KO T cells, NF-B became more activated, as measured by the phosphorylation of IKK, and phosphorylation and degradation of IB (Fig. 7 A) . In addition, phosphorylation of MAP kinase JNK but not ERK was potentiated in USP18KO cells compared with WT cells (Fig. 7 A) . To substantiate the regulation of NF-B by USP18, NF-B translocation and activation in the nucleus were measured by EMSA from WT or USP18KO CD4 + T cells stimulated with anti-CD3/CD28. Clearly, there was more nuclear NF-B binding to the B probes in the nuclear extract from USP18-deficient cells (Fig. 7 B) . Interestingly, we also observed increased nuclear NFAT binding to NFAT probes from USP18KO cells (Northrop et al., 1994) , whereas nuclear AP-1 binding to the probes was comparable between WT and USP18KO T cells with stimulation of CD3/CD28 for 0.5-1 h (Fig. 7 B) . Results from antibody supershift experiments suggested that the canonical NF-B proteins p65, p50, and cRel, AP-1 proteins JunB, JunD, cFos, and FosB, and NFATc1 and NFATc2 were activated in USP18KO T cells with stimulation of CD3/CD28 for 0.5 or 4 h (Fig. 7 C) . Consistent with these observations, there was significantly increased binding of p65, cRel, and NFATc1 but not cJun or JunB to the Il2 gene promoter (Fig. 7 D) . . USP18 deficiency results in hyperactivation of NF-B, JNK, and NFAT after TCR stimulation. Naive CD4 + T cells were isolated from WT or USP18KO (KO) mice and rested in complete medium for overnight at 4°C. Cells were warmed at 37°C for 2 h, followed by various experiments. (A) Cells were stimulated with cross-linked anti-CD3/CD28 for the indicated time points followed by immunoblot assays with antibodies against the indicated proteins. The expression intensities of pIKK, IKK, pIB, and IB were quantified and the ratios of pIKK/IKK and pIB/IB were calculated. (B) Cells were stimulated with cross-linked anti-CD3/CD28 for the indicated time points. Nuclear extracts were subjected to wither EMSA or Western blot to determine the activity of NF-B, AP-1, and NFAT. Oct-1 and Lamin B were included as loading controls, respectively. (C) USP18KO CD4 + T cells were stimulated with cross-linked anti-CD3/CD28 for 30 min or 4 h. Nuclear extracts were incubated with antibodies against NF-B, AP-1, or NFAT followed by supershift assays. Stars indicate shifted probes and arrowheads indicate unshifted probes. (D) Cells were left untreated or stimulated with cross-linked anti-CD3/CD28 for 4 h, followed by ChIP assay with the indicated antibodies and real-time PCR analysis. Data shown are representatives of three (A) and two (B-D) independent experiments. Graphs show mean ± SD, n = 5. *, P < 0.05; **, P < 0.01 (unpaired Student's t test).
modification of TAK1-TAB1 (Fig. 9 B) . In contrast, USP18 did not influence the much weaker ubiquitin modification of CARMA1 and overexpression of USP18 did not affect CARMA1-induced activation of NF-B in reporter assays ( Fig. 9 B and not depicted) . In this context, we have observed that CARMA1 induces activation of NF-B independently of TAK1 (Shambharkar et al., 2007) . These data together exclude CARMA1 as a target of USP18.
To further examine whether USP18 deubiquitinates the TAK1-TAB1 complex, we purified Flag-tagged USP18 from 293T cells transiently transfected with Flag-USP18 plasmid by immunoprecipitation with anti-Flag agarose and elution with Flag peptide. The eluted protein was incubated with the immunoprecipitants of HA-TAK1 alone or the HA-TAK1-Myc-TAB1 complex from 293T cells transiently transfected with these constructs. As shown in Fig. 9 C, USP18 efficiently removed the polyubiquitin modifications from the TAK1-TAB1 complex. Conversely, PMA/ionomycin (PMA/ ion)-induced ubiquitination of TAK1 was potentiated in USP18-deficient T cells compared with WT T cells, whereas the activation states were comparable between WT and USP18-deficient T cells before or after PMA and ionomycin stimulation (Fig. 9, D and E) . Collectively, these data suggest that USP18 targets the TAB1-TAK1 complex and inhibits TAK1 polyubiquitination modification and kinase activity, reconstituted with empty vector (Vec) or Flag-tagged USP18 (WT) or USP18(C61S)(CS) by retrovirus-mediated gene transfer followed by PMA and ionomycin stimulation. Results from immunoblot experiments indicated that PMA/ ion-induced phosphorylation of Jnk but not Erk was substantially inhibited by reconstitution of USP18(WT) but not USP18(C61S) (Fig. 9 A) , indicating that the catalytic activity of USP18 is required for its function. Interestingly, however, PMA/ion-induced degradation of IB was similar between cells reconstituted with USP18(WT) and USP18(C61S) (Fig. 9 A) . In our experiments, the T cells were activated with anti-CD3/CD28 before transfection (see Materials and methods). In this context, a previous study demonstrates that TAK1 is required for phosphorylation of JNK but dispensable for NF-B activation in effector or activated T cells (Wan et al., 2006) .
Considering the phenotypes observed with Tak / and Usp18 / T cells or Usp18 / T cells transfected with USP18(WT) or USP18(C61S), we further hypothesized that USP18 targets TAK1 complex and catalyzes deubiquitination of TAK1. As shown in previous studies (Wang et al., 2001; Thiefes et al., 2006) , ectopic expression of TAB1 together with TAK1 induced constitutive polyubiquitination of TAB1-TAK1 (Fig. 9 B) . Co-expression of USP18 but not USP18(C61S) potently abolished the polyubiquitination for the indicated time points, followed by kinase assay using recombinant MKK6 as a substrate. The intensities of the indicated proteins were quantified and the ratio of pMEKK6/TAK1 was calculated. (B) 293T cells were transfected with the indicated plasmids. 24 h later, cells were lysed and immunoprecipitation was performed with anti-Flag. The immunoprecipitants were analyzed by immunoblot with the indicated antibodies. The expression levels of TAK1 in the lysates were analyzed by immunoblot with anti-HA. (C) Jurkat T cells were stimulated with PMA and ionomycin for the indicated time points, followed by immunoprecipitation by control IgG (Ig) or anti-USP18 (USP18). The immunoprecipitants were analyzed by immunoblot with antibodies against the indicated proteins. The expression levels of CARMA1, TAK1, TAB1, TAB2, and Actin were analyzed by immunoblot with antibodies against the indicated proteins. Data shown are representatives of three (A and B) and two (C) independent experiments. Graphs show mean ± SD, n = 3. *, P < 0.05; **, P < 0.01 (unpaired Student's t test). Figure 9 . USP18 catalyzes deubiquitination of TAK1. (A) Naive CD4 + T cells from USP18KO were sorted and transfected with empty vector (Vec), Flag-tagged USP18 (WT), or USP18(C61S) (CS). The transfected cells were sorted and stimulated with PMA and ionomycin (PMA/ion) for 10 min, followed by immunoblot analysis with antibodies against the indicated proteins. (B) 293T cells were transfected with USP18 together with HA-tagged TAK1 and TAB1, or CARMA1. TAK1 complex and CARMA1 were isolated by immunoprecipitation with anti-HA, followed by immunoblot analysis with anti-ubiquitin (Ub). The expression levels of TAK1, TAB1, and CARMA1 in lysates were analyzed by immunoblot with anti-HA. (C) 293T cells were transfected with HA-TAK1 with or without Myc-TAB1. The HA-TAK1 complex was immunoprecipitated with anti-HA. Flag-USP18 was purified by immunoprecipitation with anti-Flag agarose followed by elution with Flag peptide from 293T cells transfected with Flag-USP18. The immunoprecipitants were incubated with or with out Flag-USP18 protein followed by immunoblot with anti-HA or anti-ubiquitin (Ub). (D) WT and USP18KO (KO) CD4 + T cells were stimulated with PMA/ion for the indicated time points. The cells were lysed and cell lysates were immunoprecipitated with anti-TAK1. The immunoprecipitants were analyzed with anti-ubiquitin or anti-TAK1. The expression levels of -actin were analyzed by immunoblot. (E) Splenocytes from WT and USP18KO (KO) splenocytes from USP18KO mice produced increased amounts of IL-2 but reduced amounts of IL-17 and IL-17F after KLH or MOG stimulation. These data together support our conclusion that USP18 regulates Th17 differentiation, at least partially, through IL-2. It is worthy to note that there is an IL-2-independent mechanism underlying the defective IL-17 production in USP18KO T cells, as blockage of IL-2 only partially restored Th17 generation in these cells. In this context, the activation of NF-B and NFAT was potentiated in USP18KO cells, which may activate expression of other genes that are important for inhibition of Th17 generation.
TAK1 has been reported as an indispensable kinase for T cell development and activation, through mediating the activation of IKK complex and JNK in T cells (Liu et al., 2006; Wan et al., 2006) . Indeed, CYLD KO T cells displayed constitutive TAK1 activity, which was associated with constitutive activation of both IKK and JNK pathways (Reiley et al., 2007) . In this study, however, we found that USP18KO T cells displayed elevated TAK1 activation after stimulation, which significantly increased activation of NF-B and phosphorylation of JNK (Liu et al., 2006; Wan et al., 2006) . In addition, deficiency of USP18 also led to enhanced activation of NFAT and nuclear translocation of NFATc1 which is activated by Ca 2+ -calcineurin upon TCR stimulation (SmithGarvin et al., 2009) . It has been reported that the TAK1-TAB complex interacts with RCAN1-calcineurin and activates calcineurin-NFAT signaling in Jurkat cells (Liu et al., 2009) . It might be possible that TAK1 is involved in NFAT activation in T cells stimulated with TCR signals, in which USP18 plays as an essential negative regulator.
Polyubiquitination of TAK1 is required for its activity (Wang et al., 2001; Fan et al., 2010) . Our data demonstrated that USP18 interacted with TAK1 signaling complex and removed polyubiquitin chain from TAK1 in vivo or in vitro, indicating that USP18 regulates ubiquitination of TAK1. We observed that USP18 interacted with the TAK1-TAB complex without stimulation and their association was attenuated after PMA and ionomycin stimulation. It is likely that USP18 keeps TAK1-TAB complexes in check to prevent TAK1 ubiquitination and activation in steady conditions. Upon TCR activation, USP18, together with the TAK1-TAB complex, is recruited to the CARMA1 signaling complex. At the same time, most USP18 is disassociated from the TAK1-TAB complex, leading to full activation of TAK1 and expression of downstream genes for T cell activation, whereas the residual USP18 keeps interacting with the TAK1-TAB1 complex to prevent excessive ubiquitination and activation of TAK1. Whether USP18 regulates TCR signaling-activated TAK1-dependent IKK-, JNK-, and NFAT-independent signaling is currently unknown. Nonetheless, our data have clearly demonstrated that USP18 regulates TAK1 ubiquitination to thereby restricting TCR-mediated NF-B and NFAT activation and subsequent expression of IL-2.
DISCUSSION
In this study, we demonstrated a critical role for USP18 in adaptive immunity by controlling Th17 cell differentiation and autoimmune disease. USP18KO T cells were hypersensitive to TCR stimulation, which resulted in defective Th17 generation in vitro and in vivo. USP18-deficient mice and Rag1 / mice adoptively transferred with Usp18 / T cells were thus resistant to EAE induction. Mechanistically, we found that USP18 interacted with and inhibited ubiquitination and activation of TAK1-TAB complexes.
In innate cells, it has been reported that type I IFNs or viral infection induces expression of Usp18. Considering Usp18 expression was maintained in cells under Th17 condition (TGF- plus IL-6) but not in cells under iT reg cell condition (TGF- plus IL-2), we speculate that IL-6 may regulate expression of Usp18 in T cells. However, the expression of Usp18 in naive CD4 + T cells could not be maintained with treatment of IL-6 alone or IL-6 plus plate-bound anti-CD3/CD28 stimulation (unpublished data). It is possible that other Th17 signature cytokines, such as IL-21 or IL-22, may be involved in expression of Usp18. In addition, the expression of Usp18 was also maintained in T cells under Th0 and Th1 conditions, indicating that the regulation of Usp18 is complicated and requires further investigations.
It has been demonstrated that IL-2 inhibits Th17 differentiation through at least three different mechanisms. First, IL-2 induces activation of STAT5, which competes for STAT3 (activated by IL-6) binding sites in the Il17a gene locus and restricts transcription of Il17a (Laurence et al., 2007; Yang et al., 2011) . Second, IL-2 induces Tbx21 (encoding T-bet), which inhibits RUNX1-mediated RORt-dependent transcription (Lazarevic et al., 2011; Liao et al., 2011a,b) . Third, IL-2 inhibits expression of IL-6Ra and gp130, which form a functional receptor for IL-6 (Liao et al., 2011b) . In our experiments, we found that USP18-deficient naive CD4 + T cells produced increased amounts of IL-2 compared with the WT counterparts stimulated with anti-CD3/CD28 or under Th17 polarizing conditions. The expression of Tbx21 was increased in USP18KO T cells compared with WT cells under Th17 polarizing conditions. In addition, STAT5 was more profoundly phosphorylated in USP18-deficient naive CD4 + T cells compared with WT counterparts after anti-CD3/CD28 stimulation and treatment of anti-IL-2 diminished the differences. Consistent with these observations, USP18KO naive CD4 + T cells showed a decreased percentage of IL-17 + populations under various Th17 polarizing conditions and addition of anti-IL-2 could partially restore the defect. In our KLH immunization or EAE induction model, mice left untreated or stimulated with PMA and ionomycin for 5 h were stained with fluorescence-labeled anti-CD4, CD44, CD69, and CD62L, followed by flow cytometry analysis. The flow blots show one representative of WT and KO mice, respectively. Graphs show mean ± SD, n = 4. Data shown are representatives of three (A-C) and two (D and E) independent experiments. restrict activation of NF-B, NFAT, and JNK as well as expression of Il2 in T cells after TCR activation. To our knowledge, USP18 is by far the only deubiquitylating enzyme that regulates TAK1 activity through directly binding to TAB1 in T cells. Considering the divergent functions of USP18 in innate response, T cell activation, and Th17-mediated autoimmunity, USP18 might control the threshold and extent of the inflammation.
As the only protease identified thus far that removes ISG15 conjugation from proteins, however, USP18 functions through an ISGylation-independent manner, as indicated by USP18/ube1L double KO mice still showing similar enhanced innate immunity to that of USP18KO mice . It has been shown that USP18 does not remove single ubiquitin from fusion proteins in vitro. We also found that USP18 immunoprecipitated from 293T cells could not digest either K48-or K63-linked penta-or octa-ubiquitin chain (unpublished data). However, USP18 binds to TAB1 and inhibits the ubiquitination of the TAB1-TAK1 complex. In contrast, USP18(C61S), carrying a single point mutation in the protease domain, could not prevent the polyubiquitination of the TAB1-TAK1 complex. We speculate that USP18 might deubiquitinate TAB1-TAK1 directly in a substrate-specific manner, which could not be observed in synthesized polyubiquitin chains, or other associated cofactors facilitate this regulation in vivo.
In summary, we report here a crucial function of USP18 in T cell activation and Th17 generation, and evidence for USP18 regulation of TAB1-TAK1 activity. These results may benefit understanding and treatment of inflammatory diseases.
MATERIALS AND METHODS
Mice. USP18KO mice were of a mixed background of C57BL/6 and 129Sv and survived >12 wk without obvious neurological abnormalities, as previously described (Kim et al., 2005) . Rag1 / mice were purchased from The Jackson Laboratory. All mice were housed in the specific pathogen-free animal facility at MD Anderson Cancer Center, and the animal experiments were performed with protocols approved by Institutional Animal Care and Use Committee. 8-12-wk-old mice were used in the experiments.
T cell differentiation. Naive CD4 + CD25  CD62L hi CD44 lo T cells were sorted by flow cytometry from spleen and peripheral lymph nodes. Naive T cells were activated with 1 µg/ml of plate-bound anti-CD3 (2C11; BioXCell), 1 µg/ml of anti-CD28 (37.51; BioXCell), and 30 IU/ml of recombinant human IL-2 (except in Th17 condition) in the presence of polarizing cytokines or/and blocking antibodies. For Th1 polarization, 10 µg/ml anti-IL-4 (11B11; BioXCell) and 5 ng/ml IL-12 (PeproTech) were used. For Th2 polarization, 10 µg/ml anti-IFN- (XMG1.2; BioXCell) and 5 ng/ml IL-4 were used. For Th-17 polarization, 10 ng/ml IL-1b (PeproTech), 5 ng/ml IL-23, 20 ng/ml IL-6 (PeproTech), and 2.5 ng/ml TGF- (PeproTech) with or without anti-IFN- and anti-IL-2 were used. For iT reg cell differentiation, 5 ng/ml TGF- and 5 U/ml hIL-2 (PeproTech), or 20 ng/ml anti-IL-2 (BD) were used. After 4 d of culture, cells were washed and restimulated with plate-bound 2 µg/ml anti-CD3 for 4 h, and then collected for RNA extraction. For cytokine measurement by ELISA, culture supernatants were collected at 24 h. For intracellular cytokine analysis, cells were restimulated with 50 ng/ml PMA and 500 ng/ml ionomycin in the presence of Golgiplug (BD) for 5 h. Cells were then permeabilized and analyzed for the expression of IL-4, IL-17, GM-CSF, or IFN- with the Cytofix/Cytoperm kit (BD), and for the expression of Foxp3 with Foxp3 Staining Buffer Set (eBioscience).
KLH immunization.
Mice (five per group) were immunized subcutaneously at the tail base with 2 mg/ml KLH emulsified in 0.5 mg/ml CFA (50 µl/site, two sites each/mouse). 7 d later, splenocytes from the immunized mice were cultured for an additional 3 d in vitro in the presence of 0-50 µg/ml of KLH and cytokine expression was analyzed by ELISA. IL-2 was measured at 24 h, and proliferation was measured at 72 h with [3H]thymidine added at the last 7 h of culture. EAE induction. 6-8-wk-old USP18KO mice and littermate controls were immunized subcutaneously at the dorsal flanks with 150 µg of MOG peptide in CFA at days 0 and 7. Pertussis toxin (500 ng per mouse) was given i.p. at days 1 and 8. Signs of EAE were assigned scores on a scale of 1-5 as follows: 0, none; 1, limp tail or waddling gait with tail tonicity; 2, wobbly gait; 3, hind limb paralysis; 4, hind limb and forelimb paralysis; 5, death. To analyze CNS infiltrates, both the brain and spinal cord were collected from perfused mice, and mononuclear cells were prepared by Percoll gradient. In the adoptive transfer studies, CD4 + T cells were isolated from WT or USP18KO mice and intravenously transferred into Rag1 / mice (5 × 10 6 cells per mouse). 1 d later, the recipient mice were induced EAE.
Quantitative real-time PCR. Gene expression was examined with an iCycler Optical system with an iQ SYBR Green Real-Time PCR kit (Bio-Rad Laboratories). Data were normalized to expression of Actin or GAPD (reference genes). Primers were Usp18 forward, 5-CCTGGAAGGATGT-CCAGTGT-3, and reverse, 5-TTGAAATGCAGCAGACAAGG-3; Hlx forward, 5-CTCGTGGTCCCGTGCTGTCTTTTC-3, and reverse, 5-GT-TCCCTCAGTCCGTTCCGTGTCG-3; Ifngr1 forward, 5-TGTTA-CCTAAGTCCTTGCTC-3, and reverse, 5-TCTTCCTGTTCTG-CTGCTTC-3; Ifngr2 forward, 5-CCAGACCAATTCATCTTAGA-3, and reverse, 5-AGCACATCATCTCGCTCCTTT-3; Isg15 forward, 5-GACTCCTTAATTCCAGGGGACCT-3, and reverse, 5-GGGCAA-TCTGCTTCTTCAGTTCT-3; and GAPD forward, 5-GAGAACTTT-GGCATTGTGG-3, and reverse 5-ATGCAGGGATGATGTTCTG-3. Actin, Ifng, Il4, Rora, Rorc, Foxp3, , and Il-21r were amplified as described previously (Nurieva et al., 2007 (Nurieva et al., , 2008 .
Co-immunoprecipitation and immunoblot experiments.
The cells were lysed in a buffer containing 50 mM Hepes, pH 7.4, 250 mM NaCl, 1% Nonidet P-40, 1 mM EDTA, 1 mM Na 3 VO 4 , 0.5 mM PMSF, 0.5 mM dithiothreitol, 2 µg/ml Aprotenin, and 10 µg/ml Leupeptin. The cell lysates were subjected to SDS-PAGE and immunoblot analysis was performed with the following Abs: anti-USP18, ubiquitin, IB, TAB1, TAB2, Actin, STAT5, NFATc1, IKK, Lamin B, ZAP70, and PLC- (Santa Cruz Biotechnology, Inc.); and anti-pSTAT5, pIKK, pIB, pJNK, pP38, pERK, pZAP70, pPLC-, pIKK, cJun, and CARMA1 (Cell Signaling Technology). The lysates were immunoprecipitated with control IgG or various antibodies against Flag (Sigma-Aldrich) and TAK1 (Cell Signaling Technology), and the precipitants were washed with lysis buffer four times followed by immunoblot analysis.
In vitro kinase assay. TAK1 was immunoprecipitated from variously stimulated cells as indicated at 4°C for 3 h. The immunoprecipitates were washed three times with lysis buffer and once with kinase buffer containing 10 mM Hepes, pH 7.4, 1 mM MnCl 2 , 5 mM MgCl 2 , 12.5 mM glycerol-2-phosphate, 0.1 mM Na 3 VO 4 , 4 mM NaF, and 1 mM dithiothreitol. Bacterially expressed and purified His-MKK6KD (provided by B. Darnay, University of Texas M.D. Anderson Cancer Center, Houston, TX) was used as the substrate. The immunoprecipitated TAK1s were incubated with the substrates in the kinase buffer with 20 µM of cold or 32 P--ATP at 30°C for 30 min. The reactions were stopped by adding 2× SDS loading buffer and the samples were boiled for 5 min. The samples were fractionated on SDS-PAGE and transferred to nitrocellulose membranes, followed by immunoblotting or autoradiograph.
EMSA, supershift, and ChIP analysis. 20 × 10 6 CD4 + T cells were stimulated with 2 µg/ml of cross-linked anti-CD3 and CD28 for various
